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1 Abstract

Rate- and State-dependent Friction (RSF) equations are commonly used to describe the time-dependent

frictional response of fault gouge to perturbations in sliding velocity. Among the better-known versions

are the Aging and Slip laws for the evolution of state. Although the Slip law is more successful, neither

can predict all the robust features of lab data. RSF laws are also empirical, and their micromechanical

origin is a matter of much debate. In this award period, we used a granular-physics-based model to

explore the extent to which RSF behavior, as observed in rock and gouge friction experiments, can be

explained by the response of a granular gouge layer with time-independent properties at the contact scale.

We examined slip histories for which abundant lab data are available, and find that the granular model (1)

mimics the Slip law for those loading protocols where the Slip law accurately models laboratory data

(velocity-step and slide-hold tests), and (2) deviates from the Slip law under conditions where the Slip

law fails to match laboratory data (the reslide portions of slide-hold-slide tests), in the proper sense to

better match those data. Our simulations also indicate that state is sometimes decoupled from porosity in

a way that is inconsistent with traditional interpretations of “state” in RSF. We have begun to investigate

the microphysical origins of granular rate-state friction, by looking at the changes in the granular gouge

layer with velocity in the steady-sliding regime, and using that information to predict transient response.

We find that if the mean kinetic energy of the gouge layer, a crude measure of what is termed the “granu-

lar temperature”, is suitably normalized by the confining pressure, it produces an estimate of the direct

velocity effect (the RSF parameter a) that is consistent with our simulations, and in the ballpark of lab data.

2 Introduction

Models for estimating the length and time scales of earthquake nucleation rely on a mathematical

description of the evolution of local fault friction with time (Dieterich, 1992; Dieterich and Kilgore,

1996). The commonly accepted framework for modeling this behavior, at least at sliding speeds too

small for thermal effects to become important, is “Rate and State-dependent Friction”, or RSF (Dieterich,

1978, 1979; Dieterich et al., 1981; Ruina, 1983; Dieterich, 1994; Marone, 1998b). The RSF framework

embodies the notion that frictional strength depends upon a nebulous property termed “state”, a function

of recent slip history, as well as the current slip rate. Several versions of rate- and state-dependent friction

laws exist, but the two most popular ones are the slip-dependent “Slip law”, which does a better job

matching lab data, and the time-dependent “Aging law”, which matches less data (Bhattacharya et al.,

2015, 2017), but which has more published theoretical justifications (Baumberger and Caroli, 2006).

However, none of the existing RSF laws reproduce all of the robust features of available laboratory data

(Bhattacharya et al., 2017; Kato and Tullis, 2001). This shortcoming, coupled with the largely empirical

nature of RSF, severely limits our ability to apply laboratory-derived friction laws to fault slip in the

Earth.

In the research funded by this award, we adopted the working hypothesis that rock friction is governed

by the behavior of a granular gouge with constant Coulomb friction at grain-grain contacts. Note that

by not considering time-dependent plasticity or chemical reactions at the contact scale, we threw out

what is traditionally thought to be the source of the rate- and state-dependence of friction (Dieterich and

Kilgore, 1994; Baumberger and Caroli, 2006); all the relevant time dependence in our simulations arises

from momentum transfer between the gouge particles, even at very low slip speeds. We used the discrete

element method to investigate the behavior of a 3-D granular layer sheared at constant normal stress

between two rigid and parallel blocks. The model geometry and loading conditions are designed to mimic

laboratory rock and gouge friction experiments (we note that laboratory experiments on even initially

bare rock surfaces develop, through mechanical wear, either a granular powder or a granular gouge layer,

depending upon the total slip distance, and that the phenomenology of RSF is common to both those

experiments that start with bare rock and those where gouge is used as the starting material (Marone,

1998b)). We emphasized velocity-step tests, employing a range of shearing velocities (10−5 to 2 m/s)

and confining pressures (1−25MPa) to model steps of ±1−3 orders of magnitude. These velocity steps

are supplemented by a small number of slide-hold and slide-hold-slide tests designed to allow additional

comparisons to laboratory experiments and provide further insight into the gouge behavior.
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Consistent with RSF and several earlier numerical studies of sheared granular layers, we find that in

response to imposed velocity steps there is an immediate “direct velocity effect” (e.g., an increase in

friction in response to a step velocity increase), followed by a more gradual “state evolution effect” where

the sign of the friction change is reversed (Morgan, 2004; Hatano, 2009; Abe et al., 2002; Makse et al.,

2004). Furthermore, the magnitudes of these direct and evolution effects are proportional to the logarithm

of the velocity jump, with implied values of the relevant RSF parameters (‘a’ and ‘b’) that are not far
from lab values.

Perhaps our most significant finding has been that the granular flow model mimics the Slip state

evolution law for those sliding protocols where the Slip law does a good job matching laboratory ex-

periments, and deviates from the Slip law, in the proper sense to better match lab data, for those sliding

protocols where the Slip law does a poor job. The former category includes both velocity-step tests

(Ruina, 1980, 1983; Tullis and Weeks, 1986; Marone, 1998a; Blanpied et al., 1998; Rathbun and Marone,

2013; Bhattacharya et al., 2015) and slide-hold tests (Bhattacharya et al., 2017). Consistent with both

lab experiments and the Slip law, and unlike the Aging law, following a simulated velocity step friction

approaches its future steady-state value over slip distances that are independent of both the magnitude

and sign of the step (a few grain diameters, in our simulations, or strains of ∼15 %). And consistent with

lab experiments, during the hold portion of simulated slide-hold tests stress decays in a manner consistent

with the Slip law using RSF parameters not far from those derived from the velocity-step tests, whereas

the Aging law, with its time-dependent healing, underestimates the stress decay. Moreover, during the

simulated hold the gouge layer compacts roughly as the logarithm of hold time, similar to lab experiments.

This is despite the fact that the stress decay, being well-modeled by the Sip law, implies a lack of state

evolution. Because state evolution in RSF is traditionally thought to involve the “mushrooming” of

contacting asperities and porosity reduction, this indicates that in both the granular simulations and the

lab, state is decoupled from gouge thickness (porosity) in a way that is inconsistent with most current

interpretations of RSF.

The granular flow model differs from the Slip law prediction during the reslides following holds,

in that the Slip law parameters that fit the hold well underestimate the peak stress upon the reslide.

Qualitatively, this is the same way in which the Slip law fails to match laboratory data (Bhattacharya

et al., 2017). Collectively, our results thus far hint that the physics-based granular flow model may

match the transient response of laboratory rock and gouge friction experiments better than any existing

empirical RSF constitutive law. This is despite having apparently fewer tunable parameters. Although

the model contains a large number of dimensionless parameters, most of these are fixed by the boundary

conditions and the elastic moduli of the gouge particles, and the remainder seem to exert very little

influence on the frictional behavior of the system. An exception is the grain size distribution; we find

that a quasi-normal distribution gives rise to steady-state velocity-strengthening behavior, whereas a

quasi-exponential distribution is close to velocity-neutral, perhaps transitioning from velocity-weakening

to velocity-strengthening behavior with increasing slip speed (see section 5.2.6 in Ferdowsi and Rubin

(2020)). Grain shape may also play a significant role, but only spherical grains are employed here.

The granular model is also well-suited to allowing us to explore the microphysical origins of its

RSF-like behavior. In the microphysical studies reported in section 5.4 of this report, we begin to address

this question, by measuring the kinetic energy of the gouge layer for a range of shear velocities, confining

pressures and system sizes. By assuming that this kinetic energy plays the role of temperature in the

classical understanding of the rate dependence of friction as a thermally-activated Arrhenius processes

(Rice et al., 2001; Lapusta et al., 2000; Chester, 1994; Nakatani, 2001), we obtained an estimate of the

magnitude of the direct velocity effect (the RSF parameter a) that is close to that determined by fitting the

simulated velocity steps.

In exploring the granular model our intent is not to imply that time-dependent contact-scale processes

do not contribute to laboratory friction. Clear evidence of time-dependent contact plasticity comes from

the see-through experiments of Dieterich and Kilgore (1994), and evidence of the importance of chemistry

and time-dependent interfacial chemical bond formation comes from, among many other studies, the
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humidity-controlled gouge experiments of Frye and Marone (2002), and the atomic-force single-asperity

slide-hold-slide experiments of Li et al. (2011). It is not yet clear, however, under what conditions

such effects dominate the transient frictional strength of interfaces. Nearly all papers that justify a state

evolution law on physical grounds do so for the Aging law (Berthoud et al., 1999; Baumberger and

Caroli, 2006), even though this law reproduces relatively little laboratory friction data. An exception is

Sleep (2006), who proposed that the Slip law arises from the highly nonlinear stress-strain relation at

contacting asperities. Here we explored a physics-based model that may do a better job of matching (room

temperature and humidity) laboratory rock and gouge friction data than any constitutive law currently in

use, and that simultaneously allows one to investigate the attributes of the model that give rise to this

behavior.

3 Rate- and State-dependent Friction laws

Rate- and state-dependent friction (RSF) laws treat friction as a function of the sliding rate, V , and the

“state variable”, θ. θ has traditionally been thought of as a proxy for true contact area along the sliding

interface (Nakatani, 2001), but under some conditions changes in contact quality are more important (Li

et al., 2011). In its simplest form RSF is described by two coupled equations. The first describes the

relation between friction µ and the RSF variables:

µ = µ∗ + a log
V
V∗

+ b ln
θ
θ∗

(1)

where µ∗ is the steady-state coefficient of friction at the reference velocity V∗ and state θ∗. The coefficients
a and b control the magnitude of velocity and state-dependence, respectively. The second equation

describes the evolution of the state variable θ, the two most widely used forms being

Aging Law:
dθ
dt

= 1− Vθ
Dc

(2)

Slip Law:
dθ
dt

= −Vθ
Dc

ln
Vθ
Dc

(3)

with Dc being some characteristic sliding distance for state evolution. Eq. 2 is often referred to as the

Aging law because state evolves with time even in the absence of slip (V = 0); eq. 3 is referred to as the
Slip law because state evolves only with slip (Dieterich, 1979; Ruina, 1983).

It is well established that neither the Aging nor the Slip law adequately describes the full range of

laboratory friction experiments (Beeler et al., 1994; Kato and Tullis, 2001). Laboratory experiments

show that in a sufficiently stiff system, for both initially bare rock samples and gouge, following a step

change in load point velocity friction approaches its new steady-state value over a slip distance that is

independent of both the magnitude and the sign of the velocity step (Bhattacharya et al., 2015; Marone,

1998b; Blanpied et al., 1998; Ruina, 1983). This is precisely the Slip law prediction. The Aging law,

on the other hand, predicts a variable slip weakening distance and a highly asymmetric response to step

velocity increases and decreases, behavior completely inconsistent with laboratory data (Nakatani, 2001).

In contrast, conventional wisdom holds that slide-hold-slide experiments are better explained by the

Aging law. In part this stems from the work of Beeler et al. (1994), who ran experiments on initially bare

granite surfaces at two different machine stiffnesses, and hence two different amounts of slip during the

load-point hold. They found that the rate of healing, as inferred from the peak stress upon the reslide,

was independent of stiffness, and hence independent of the small amount of interfacial slip during the

load-point hold, seemingly consistent with the Aging law and inconsistent with the Slip law. However,

Bhattacharya et al. (2017) showed that the Beeler et al. peak stress data could be fit as well by the Slip law

as by the Aging law, and moreover that the stiffness-dependent stress decay during the load-point hold

was well modeled by the Slip law and completely inconsistent with the Aging law. The property of the

Aging law that prevents it from matching the stress decay during the hold is precisely its time-dependent

nature: The gouge strengthens too much to allow any more slip. The rock friction community is thus
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left in the awkward position that while most theoretical justifications for state evolution are designed to

explain the time-dependent healing of the Aging law [e.g., Baumberger et al. (1999)], this law seems to

explain very little laboratory rock friction data.

4 The computational model

Fig. 1. A visualization of the virtual rock

gouge experiment. A normal size distri-

bution of grains is used, with mean grain

diameter Dmean = 3 mm. Colors show

the velocity of each grain in the sliding (x)
direction, averaged over an upper-plate

sliding distance of Dmean. The velocity

profile, averaged over planes normal to

z, is shown on the right. We have not

observed slip localization in this model.

Our simulations are performed using the granular module of

LAMMPS (Large scale Atomic/Molecular Massively Parallel Sim-

ulator, http://lammps.sandia.gov), a Discrete Element Method

(DEM) platform developed and maintained by Sandia National Labo-

ratory. Our default model consists of a packing of 4815 grains; 4527

in the gouge layer, and 288 in the top and bottom rigid blocks. The

grains in the gouge layer have a quasi-normal size distribution, with

a diameter range d = [1 : 5] mm and average diameter Dmean = 3
mm. The gouge is confined between two rigid plates constructed from

grains with diameter d = 5 mm. Grain density and elastic moduli

are chosen to equal those of glass beads. The model domain is rect-

angular with periodic boundary conditions in the x and y directions;

sliding is in the x-direction (Figure 1). The size of the default sys-

tem is Lx = Ly = 1.5Lz = 20 Dmean. We have also run simulations

with a domain size twice that of the default model, simulations with

both the grain and domain sizes two orders of magnitude smaller,

and simulations with roughly the same average grain size but with a

quasi-exponential size distribution. The influence of most of these

changes on the model results are rather modest (Ferdowsi and Rubin, 2020).

Grains are randomly inserted into the gouge layer, subjected to confining stresses σn of 1, 5, or 25
MPa, and then sheared at a desired driving velocity via a spring attached to the top rigid plate. To

emphasize state evolution this spring has a default stiffness of 1014 N/m; for practical purposes, this can

be considered infinite. The grains are modeled as compressible spheres that interact via the non-linear

Hertz-Mindlin model (Johnson, 1987). In this model, the normal force Fn between grains i and j is
proportional to δ3/2ij , where δij is the amount of “overlap” that would exist if the grains retained their

initial shape, consistent with the linear elastic deformation of spheres. The linear and angular velocity

history of each particle is determined by solving F =ma at the grain scale. The grain-scale coefficient of

friction, µg , sets the upper limit of the tangential contact force through the Coulomb criterion Ft ≤ µgFn
(in our default model µg = 0.5). The fraction of energy lost in collisions is controlled by the normal

and shear coefficients of restitution, εn and εs, that vary from 0 (complete energy loss) to 1 (no loss).

In the default model we use εn = 0.98, but we have explored values as low as εn = 0.003; consistent
with previous studies, we find the influence of ε at the low sliding speeds of interest to be negligible

(e.g., da Cruz et al., 2005). The full implementation of the granular model is described in the LAMMPS

manual and several references (Silbert et al., 2001; Brilliantov et al., 1996).

To be consistent with both RSF and the standard interpretation of rock or gouge friction experiments,

the V in equations (1)–(3) must be interpreted as the inelastic component of relative x velocity between the
driving blocks. For example, during a load-point hold the upper block velocity immediately drops to zero,

but V decays more gradually as a result of inelastic stress relaxation within the gouge. To determine V , we

subtract from the load-point velocity Vlp the quantity (dτ/dt)/keff, where τ is the measured shear stress

and keff is the effective elastic stiffness of the system. For our default spring stiffness keff is dominated by

the shear modulus of the gouge, which we estimate from our simulations following Bhattacharya et al.

(2015).
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5 Results

5.1 Steady-state friction

The results of granular simulations run to quasi-steady-state at different normal stresses and driving

shear velocities are shown in Fig. 2. The friction coefficient in Fig. 2A, defined as the ratio of shear

to normal force exerted by the gouge particles on the upper (driving) plate, is ∼0.34, low by laboratory

standards. This low value, consistent with previous DEM simulations, is likely due to the use of spherical

grains, since a laboratory study by Anthony and Marone (2005) showed a mean friction coefficient in

the range 0.25− 0.45 with glass beads and with synthetic gouge layers consisting of spherical grains. A

recent numerical study by Salerno et al. (2018) shows that using rounded-edge cubic grains shifts the

friction versus Inertial number curves upward uniformly, increasing mean friction values from 0.25−0.35
for spheres to the 0.5 − 0.6 range (the Inertial number In is defined as γ̇Dmean

√
ρ/σn, where γ̇ is the

macroscopic strain rate and ρ is grain mass density). Note that for comparison to RSF we are more

concerned with friction transients (the variation of friction with slip rate and slip history) than with

absolute friction levels.

The logarithmic rate-dependence of steady-state friction in Fig. 2A is standard for laboratory rock and

gouge friction experiments (Dieterich, 1979; Ruina, 1983; Karner and Marone, 1998). This behavior

has also been documented in laboratory experiments with spherical and non-spherical granular materials

(Hartley and Behringer, 2003; Dijksman et al., 2011). We find velocity-strengthening behavior over

the range of parameters explored thus far, consistent with many experiments on gouge (Marone, 1998b;

Beeler and Tullis, 1997), and with previous DEM simulations of granular gouge layers run at somewhat

larger values ofg In (da Cruz et al., 2005; Kamrin and Koval, 2012). The value of |a− b| from the slope

of our data, ∼ 0.0055, is slightly high by lab standards, but Marone et al. (1990) found values as high as

0.005 for laboratory gouge, and we emphasize that unlike standard RSF and STZ theory this value is an

output of the model and not a tunable parameter.

Note that in Fig. 2A the friction coefficient increases slightly with decreasing normal stress. If the data

are plotted against the inertial number In rather than the velocity (Fig. 2B), there is a near collapse of all
observations onto a single curve, as expected from previous work. The steady-state gouge thickness H in

our simulations decreases with increasing normal stress, but increases quasi-linearly with log(In) at a
rate that is only weakly dependent on normal stress (Fig. 2C). The logarithmic rate-dependence of gouge

thickness, with the gouge thickness change ∆H being ∼ 0.1Dmean per order of magnitude increase in
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Fig. 2. (A) The variation of steady-state friction coefficient with driving velocity at three different normal stresses. (B) The

same data plotted as a function of inertial number (In). (C) The variation of steady-state gouge thickness at different driving
velocities as a function of In, for the same three normal stresses. Error bars indicate one standard deviation of all friction

measurements over a sliding distance of 5Dmean for each of the seven different realizations (initial grain arrangements) at each

normal stress and Vlp. Most error bars in (C) are smaller than the symbol size. The dashed teal and brown lines in (C) show the

temporal evolution of gouge thickness in hold experiments with initial driving velocities Vi = 2× 10−1 and Vi = 2× 10−2 m/s,

respectively. This is a qualitative comparison showing that the decrease of gouge thickness for an order of magnitude increase in

hold duration (upper horizontal axis) is comparable to the decrease in steady-state thickness for an order of magnitude decrease

in slip speed. (D) The evolution of gouge thickness with time during slide-hold experiments at Vi = 2×10−1 and Vi = 2×10−2
m/s. Zero time in these plots marks the start of the hold (the halting of the upper driving plate). The teal- and brown-color dots

and arrows show the starting point and temporal progression of the curves that we plot in panel (C) (time progresses to the left in

C). The confining stress is σn = 5MPa.
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driving velocity, also seems roughly consistent with laboratory observations (Rathbun and Marone, 2013;

Beeler and Tullis, 1997; Marone and Kilgore, 1993). (We show in the next section that in our simulations

0.1Dmean ∼ 0.05Dc, which enables a comparison with lab experiments where Dc is estimated but not

Dmean.)

The temporal evolution of the gouge layer thickness in two slide-hold simulations is shown in semi-log

scale in Fig. 2D. Both the friction coefficient (shown later in Fig. 5C) and the gouge thickness show a

relaxation with the logarithm of time. We compare the compaction rate of the gouge during the holds

to the dilation rate as a function of inertial number in Fig. 2C. The similar slopes of the thickness data

from the steady-sliding experiments (dots) and the holds (teal and brown lines) show that the reduction in

gouge thickness that results from a ten-fold increase in hold duration is comparable to the reduction from a

ten-fold decrease in inertial number (∼slip speed). This suggests that the origin of the velocity-dependence
of steady-state gouge thickness may lie in the same slow relaxation process that operates during holds.

5.2 Velocity step tests

The results of several of our granular velocity-step simulations, with load-point velocity increases of

1− 4 orders of magnitude, are shown in Fig. 3A. The solid curves show the measured friction relative

to the future steady-state value. Immediately following the velocity increase there is a stress increase,

roughly proportional to the logarithm of the velocity jump, representing a direct velocity effect, followed

by a quasi-exponential decay to the new steady state value, representing a state evolution effect (our

system is stiff enough that V over the stress decay is essentially identical to the load-point velocity, so

there is a one-to-one correspondence between friction and state following the velocity step). This friction

decay occurs over a sliding distance of a few mean grain diameters. Qualitatively, given the increase in

steady-state gouge thickness with slip speed (Figure 2C), it seems reasonable to suggest that the direct

velocity effect comes from sliding at the new (higher) slip speed but with the old (compacted) gouge

thickness, while the state evolution effect is associated with the gradual approach to the new steady-state

gouge thickness. A direct correspondence between state and gouge porosity has also been proposed in

the context of RSF (Segall and Rice, 1995; Sleep, 2006). However, although this view has some intuitive

appeal, we show below that it is too simplistic; there is not a one-to-one relation between “state” and

gouge thickness. (We also note here that in simulations that use the same particle size distribution but

a domain twice as large in all dimensions, the gouge evolves to steady state over a slip distance twice

as large; that is, state evolution seems to be governed by a critical strain rather than by a critical slip

distance. For convenience, we speak here of a critical slip distance. This does not alter our previous

estimate of ∆H/Dc for a given log velocity change, where ∆H is the change in gouge thickness, because

our simulations show that both ∆H and Dc are proportional to H .)

The gray curves in Figure 3A show these friction changes normalized by the logarithm of the velocity

jump, and are flipped for ease of visualization. That the gray curves all overlap, that is, have approximately

the same scaled amplitude and approach the new steady state over the same sliding distance, is entirely

consistent with the Slip-law description of state evolution with quasi-constant values of a, b, and Dc

(Bhattacharya et al., 2015). Using a simplex method we find the single set of (Slip law) RSF parameters

that best matches these velocity jumps to be a ∼ 0.025, b ∼ 0.018, and Dc ∼ 1.8Dmean. These values of

a and b are within a factor of 2 of those commonly cited for rock and gouge, and we again emphasize

that they are an output of the model and not an input. We also find that they are largely independent of

initial slip speed and confining pressure, consistent with lab experiments. The dashed curves in Figure 3A

show the Slip law predictions for these velocity steps, using these parameters. The Slip law predicts the

behavior of the granular model quite well, excluding the initial rounding that occurs over a slip distance

of up to ∼Dmean.

Figure 3B shows the variation of gouge thickness with slip distance (dashed lines) in comparison to

the variation of friction coefficient, for the same velocity steps in panel A. These results indicate that the

gouge layer approaches its future steady state thickness over a slip distance comparable to the slip distance

for the evolution of friction. These observations, and the accepted parallels between state and gouge
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Fig. 3. (A) Results from step velocity increases with initial load-point velocity Vi = 2× 10−4 m/s. The friction coefficient,

relative to its future steady state value, is plotted with respect to shear slip distance normalized by the mean grain diameter

Dmean. The gray curves are the friction signals rescaled as −0.05(µ − µss)/b ln(Vf /Vi ) (the −0.05 is used just to make all

signals visible on the same axis). The dashed and dotted lines show the prediction of the Slip law with b = 0.0178, a = 0.0247
and Dc = 1.78Dmean (see text). (B) The solid lines show the variation of friction with normalized slip from panel (A). The

dashed lines show the difference between the steady-state gouge thickness Hss and the current thickness H , normalized by the

mean grain diameter Dmean (the gouge dilates with slip). The results are averaged over seven different realizations of the same

imposed loading conditions, with σn fixed at 5MPa.
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Fig. 4. Results of the variation of (A) friction coefficient and (B) gouge thickness, in simulations, for velocity steps up to +2 and

−3 orders of magnitude. The initial driving velocity in all tests is Vi = 10−2 m/s. The simulation with Vf = 10−5 m/s has yet to

run to completion (the future steady state values are estimates only), but is sufficient to demonstrate that the thickness initially

varies much more rapidly than stress. The gray curves in panel (A) are step-down simulations, flipped to emphasize the stress

symmetry between the step increases and decreases. The results in both panels are averaged over seven different realizations,

with normal stress fixed at 5MPa. (C) The variation of porosity in gouge experiments in response to ±1 order of magnitude

increases and decreases in velocity from and back to the initial velocity of V = 1 µm/s. The experiments were performed by

Marone et al. (1990, as reported by Segall and Rice, 1995) on water saturated but drained (∼constant pore pressure) layers of
Ottawa sand. The gray curves in panels (B) and (C) are step-down simulations (B) and the lab experiment (C), flipped and

scaled to the same initial value as the corresponding step up, to emphasize the much more rapid response of porosity (thickness)

to velocity step decreases.

thickness (i.e., that the mushrooming of asperities that increases contact area also brings the surfaces

closer together (Sleep, 1997)), make it natural to ask whether variations in gouge thickness are a useful

proxy for variations in state.

Figure 4A shows results for similar simulations with an initial steady-state load-point velocity of 10−2

m/s, and velocity steps of up to +2 and −3 orders of magnitude. These show that friction evolves to

its new steady state over a slip distance that is independent of the sign as well as the magnitude of the

velocity step, again precisely the Slip-law description of state evolution. The variation of gouge thickness

during these velocity steps is shown in Figure 4B, which indicates that the gouge thickness for velocity

step increases evolves to its new steady state over a slip distance comparable to that for the evolution
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of stress, as in Figure 3B. In contrast, the gouge thickness during velocity step decreases evolves to its

new steady state over a slip distance shorter than that observed for the friction coefficient in the same

experiments, especially for the two- and three-order-of-magnitude step downs. This asymmetric response

to changes in driving velocity, in conjunction with the symmetric response of the friction coefficient,

indicates that gouge thickness is an incomplete description of state. Other aspects of the granular structure,

such as force fabric and structural anisotropy, must contribute to the state of the system. The prediction

that gouge thickness evolves much more rapidly with slip in response to step velocity decreases than

increases appears to be borne out by laboratory experiments (Fig. 4C; also Rathbun and Marone (2013)).

5.3 Slide-hold-slide tests

Figures 5A and B show the change in frictional strength during the hold portion of slide-hold-slide

experiments, performed on a granite sample in the rotary shear apparatus at Brown University. Three

holds of different duration are superimposed, and the data are compared to the predictions of the Aging

and Slip laws in panels (A) and (B), respectively. In fitting the data, (a− b) is fixed at the value −0.003
determined from steady-state sliding during the same experimental run (Bhattacharya et al., ms. in

preparation), but b and Dc are free parameters. The fits are difficult to see in these panels because in

both cases they all go through the data. The difference is that the Slip law fits the data for all 3 hold

durations separately with values of a (0.014 to 0.015) and Dc (∼ 2µm) that are very close to the values

derived independently from the fits to interspersed velocity steps (a = 0.013; Dc = 2.1 µm). In contrast,

the Aging law can fit the hold data only with values of Dc that are up to 2 orders of magnitude too large to

fit the velocity-step data, and that increase systematically with hold duration (shown by the pdf’s for Dc

in the inset to Figure 5A). The dashed orange curve in Fig. 5A shows the Aging-law fit using the value

Dc = 2.1µm derived from the velocity-step experiments. The Aging-law prediction overestimates the

stress because healing that requires only the passage of time, and not slip, allows the gouge to become

too strong for the stress to decay as much as is observed.

Because these granite samples were steady-state velocity-weakening, whereas our numerical granular

gouge is steady-state velocity-strengthening, we do not attempt to reproduce the lab data directly with

our model. Instead, we compare the numerical slide-hold results to the predictions of the Aging and

Slip laws, using the RSF parameter values determined independently from fits to the numerical velocity

step tests, as was done in panels A and B for the lab data. Figure 5C shows the results. The blue curve

shows the variation of normalized friction with normalized hold time in the granular simulation, and the

predictions of the Aging and Slip laws are shown by the dashed orange and green lines, respectively,

using the appropriate normalized stiffness k̄ = keffDc/(bσ ) = 250. The comparison shows a remarkable

agreement between the granular model and the Slip law prediction, just as for the laboratory experiments.

And the Aging law underestimates the stress decay during the holds, for the same reason as for the lab

data. This preliminary result suggests that the granular model, like the empirical Slip law, captures much

of the phenomenology of laboratory slide-hold tests.

Importantly, the granular model also qualitatively reproduces the reduction in gouge thickness with

log hold time observed in the lab (Fig. 5D; lab data from Beeler and Tullis, 1997). Although RSF

makes no explicit prediction about fault-normal displacements, the conventional interpretation of log-time

fault-normal compaction during holds would be that it is consistent with the Aging law for state evolution.

That is, compaction is interpreted as going hand-in-hand with the plastic deformation of microscopic

asperity contacts and log-time increase in true contact area under high local normal stresses (Berthoud et

al., 1999; Sleep, 2006). In contrast, our granular simulations agree with lab data in showing that log-time

compaction during holds is present even though log-time healing as embodied by the Aging law is lacking;

stated differently, the stress decay during the holds, matched by the Slip law with it’s lack of healing,

would predict nearly no compaction if state were porosity. This behavior is reminiscent of the symmetric

stress change/asymmetric thickness change in response to velocity step tests in Fig. 4, and is another

indication that equating state and porosity (Sleep, 2006; Lieou et al., 2017) neglects some fundamental

aspect of granular friction.
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Fig. 5. (A and B) The slide-hold portions of slide-hold-slide tests carried out on a granite rock sample in the rotary shear

apparatus at Brown University. The data are represented in various shades of blue with darker to lighter colors representing

shorter to longer holds. The colored lines (red, green, pink) in panel (A) show Monte Carlo fits using the Aging law for

progressively longer hold times; note that these fits require unreasonably large values of Dc as shown by the distributions in

the inset. The orange dashed line in (A) shows the Aging law fit with the RSF parameters obtained from the velocity-step

experiments on the same sample. The colored lines in panel B show the fits using the Slip law; these are almost invisible

given that the prediction completely matches the laboratory data. The values of Dc from the Slip law fits (inset) are completely

compatible with the values derived from the velocity step experiments, as are the values of a and b. From Bhattacharya et al.,

ms. in preparation. (C) The variation of friction coefficient, normalized by the RSF parameter b, as a function of normalized

hold time, for a granular slide-hold simulation with dimensionless stiffness k̄ ≡ keffDc/(bσ ). The orange and green dashed lines
show the predictions of the Slip and Aging laws, respectively, using the RSF parameters determined from the velocity step tests

in Fig. 3. As in Fig. 3, the prior driving velocity is Vi = 2× 10−2 m/s and the confining pressure is 5 MPa. This panel also

shows results of a reslide following a normalized hold time thold /(Dc/Vi ) of 100, in comparison to the the Aging and Slip law

predictions. The peak friction upon reslide is indicated by µpeak . (D) (blue line) The change in gouge thickness during the
slide-hold granular simulation. (solid dots) The change in gouge thickness during hold experiments on granite reported by Beeler

et al. (1994), who used two different (low and high) machine stiffnesses. An estimated slip-weakening distance Dc ≈ 3µm is

used to normalize results from the laboratory experiments. Both low and high stiffness laboratory experiments were performed

at 25 MPa confining pressure.

5.4 Exploring the microphysics of granular rate-state friction

Total grain number = 4422

mean
median

mean
median

Kinetic energy [joule]
Fig. 6. (A) A histogram of the

per-grain KE during steady sliding at

Vlp = 2× 10−2 m/s.

There is currently no well-accepted explanation for the empirical, but

moderately successful, Slip law for describing the rate- and state-

dependent frictional behavior of rock and gouge. The only heuristic

explanation of which we are aware is that of Sleep (2006), who pro-

posed that it results from the highly nonlinear stress-strain relation at

contacting asperities (e.g., that the modestly smaller stress following a

velocity step decrease results in an exponentially smaller strain rate, and

a symmetric stress response to step increases and decreases when plotted

against slip). As part of the research funded by this award, we have

started to use the output of the granular model to understand the source

of its lab-like (and RSF-like) behavior. We considered the source of the

rate-dependence of granular friction, expecting that the log-time densification and relaxation of stress

during holds (and by extension the densification with decreasing slip speed during steady sliding) is due to

a reduction of elastic potential energy associated with local grain rearrangements. These rearrangements

generate seismic waves that perturb nearby grains which might themselves be near the threshold for

hopping, at a rate that decays quasi-logarithmically with time, as the driving stress and the opportunities

for continued compaction lessen.

This picture of grains as always vibrating, being perturbed by neighbors, and occasionally overcoming

activation energy barriers, is conceptually similar to the traditional atomistic-scale view that the logarithmic

rate-dependence in RSF (the logV /V∗ term in Eq. 1) arises from a thermally-activated Arrhenius process
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(Rice et al., 2001; Lapusta et al., 2000; Chester, 1994). In that microscopic picture, the slip rate is

V = V1 exp(−E/(kBT )), where the product of the Boltzmann constant, kB, and the temperature, T ,
is a measure of the average kinetic energy (KE) of the atoms. The activation energy E has the form

E = E1−PΩA, where P is a representative pressure andΩA is the associated activation volume. V1 can be

interpreted as an attempt frequency times a slip displacement per successful attempt. Such an interpretation

reproduces the empirical logarithmic form of the direct velocity dependence as a = kBT /(PΩA).

A histogram of the KE (Ek) of every grain in a steady-state granular simulation with Vlp = 2× 10−2
m/s is plotted in Fig. 6. Assuming that this KE plays the role of kBT in the standard RSF interpretation,

we can use this measurement (mean value ∼ 2× 10−5 J/grain) to estimate a. The product of pressure and
activation volume can be estimated from

PΩA = C

∫ ∆ij

0
Fnd(δij ) =

2
5
CP d3

[
3(1− ν2)P

E

]2/3
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Fig. 7. (A) The variation of the mean per grain KE (Ek) for steady-
sliding simulations at a range of shearing velocities and confining

pressures, as well as for a system with twice the size of the default

model, compared to the estimate (solid line) of per grain KE assuming

homogeneous shear between the driving plates. (B) The per grain KE,

normalized by PΩA from equation (4) (our estimated RSF a), for the
same steady-sliding simulations as in (A), here expressed in terms of

the inertial number. The dashed line corresponds to In = 10−3, which
traditionally is considered the limit above which inertial effects become

non-negligible.

where C is the average coordination number

(number of contacts per grain), ∆ij is how

closely two grain centers approach one an-

other under the applied load P , d() in the in-
tegral represents an infinitesimal change (not

the grain diameter), ν is Poisson’s ratio, E
is Young’s modulus, and the last equality is

derived using the nonlinear Hertzian contact

law for Fn as a function of grain compression

δij (Ferdowsi and Rubin, 2020). If we use

Dmean for d, and C ∼ 4 (a value obtained

from our simulations), we find a ∼ 0.022,
close to the value we determined indepen-

dently from fitting our velocity-step tests in

Figure 3. There is certainly slop associated

with this estimate, including whether the acti-

vation volume is more appropriately thought

of as a single grain or a few grains that rear-

range collectively, and whether it is the total

normal displacement or the incremental displacement from the background state that determines the

activation volume (similar questions pertain to the classical RSF estimate of a, e.g., whether the activa-
tion volume corresponds to a single atom or a unit cell). Nonetheless, we find the order-of-magnitude

agreement to be very encouraging. But this agreement is insufficient; if the granular KE is to play the

role of kBT , it must be insensitive to the sliding speed, and it is not apparent that this need be the case.

Empirically, however, we find that the mean value of granular KE at any particular P changes only

modestly over several orders of magnitude variation in Vlp, at the low driving speeds of interest (Fig. 7A).

For comparison, the solid line on the same plot shows the KE that would result from a layer of uniformly

sheared grains as a function of Vlp. For P = 5MPa the quasi-constant granular KE intersects this trend at

Vlp ∼ 2 m/s, the inertial number In ∼ 3× 10−3, and the system is traditionally considered to leave the

regime of quasi-static flow (Forterre and Pouliquen, 2008). Furthermore, if we normalize the per grain

KE by the estimate of PΩA from equation (4), the resulting values (our proposed estimate of a) collapse
for all stresses on a single curve in the quasi-static regime (Fig. 7B). The prediction is thus that a changes
very slowly for a range of shearing velocities and pressures in the quasi-static regime, consistent with

both our granular simulations and laboratory rock and gouge friction experiments.
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Bibliography of publications resulting from this work:

Ferdowsi, B., & Rubin, A. M. (2020). A granular-physics-based view of fault friction experiments.

Journal of Geophysical Research: Solid Earth, e2019JB019016. doi: 10.1029/2019JB019016

Project Data:

The computer codes for the LAMMPS simulations described in this document, along with information

about the version of LAMMPS used for the simulations, are available on the Dryad digital repository at

https://doi.org/10.5061/dryad.2z34tmphk.
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